Metal foams are cellular solids that show some unique properties which cannot be found in other natural or human-made materials. While the impact characteristics of closed-cell foams under static and impact loadings appear to be well-studied in the literature, the impact behaviour of open-cell foams is not yet well-understood. In this study, open-cell foams with two different densities are impacted by drop weights with different kinetic energies. The effects of foam density, impactor initial height, and impactor weight on the recorded stresstime, stress-strain, and energy-strain curves are investigated. While the stress-strain curve of closed-cell foams under impact loading usually consists of a single bell, the results of the current study showed that both the stress-time and stress-strain curves of most the samples consist of two consecutive bells. By increasing weight of the impacting weight, the number of bells increases which helps in increasing the impact period and keeping the maximum generated stress low. Compared to closed-cell foams, the open-cell foams can therefore better absorb the energy, as long as the impact energy is relatively small. The relatively low stiffness as well as the presence of large hollow space inside the open-cell foams also makes them favorable for being used as biomedical scaffolds.
Introduction
Metal foams are a class of cellular materials that show some unique properties which cannot be found in other natural or human-made materials. For example, their specific stiffness and energy absorption capacity are relatively high even for small specific densities (Schüler et al., 2013) . Novel applications found for open-cell foams (such as their use as bone substitute biomaterials) has made understanding of their mechanical properties under different loading conditions important. Depending on their location and person, human bones can have a large range of stiffness from 0.1 GPa to 20 GPa. Particularly, the inner soft and weak tissues of bones, known as cancellous or spongy bones, usually have very small stiffnesses. Solid implants usually remove the load from natural bones around them leading to their resorption. This resorption is followed by detaching the implant from the surrounding bone and, therefore, malfunction of the implant (known as stress shielding). Open-cell foams have low stiffness levels which are comparable to the stiffness levels of bones. Moreover, their hollow space allows for new bone regeneration inside the implant and, therefore, better bone-implant fixation.
Regarding the mechanical properties of open-cell foams, Kashef et al. (2008) fabricated opencell titanium foams using space holder technique and investigated their elastic properties, fracture toughness (Kashef et al., 2010) and fatigue strength (Kashef et al., 2011) for biomedical applications. They found 63% porous foams with 6.5 GPa elastic modulus suitable for dental and orthopaedic applications (Kashef et al., 2008) Similar to bulk pure copper, copper foams have great corrosion resistance, and they possess excellent electrical and thermal conductivities. Copper foams are excellent candidates for energy absorption applications as well. This is because the possibility of having a large proportion of hollow space inside the open-cell porous structures allows for large plastic deformation of struts (and therefore high energy absorption capacity of the porous structure) until the neighbour struts come into contact with each other. The great ductility properties of copper (compared to other metals) even increases this great toughness capability observed in metal foams.
In this study, open-cell foams with two different densities are impacted by drop weights with different kinetic energies. The effect of foam density and impactor initial energy on the recorded stress-time, stress-strain and energy-strain curves will be investigated. The effect of mass of the drop weight is the other parameter which will be studied.
Materials and methods
The open-cell copper foam samples were made by the investment casting process. Two large foam panels (Fig. 1a) were made, which were then cut into several small cubic specimens (Fig. 1b) with dimensions of 22.6 mm×28.2 mm×39.2 mm. The foam samples had two nominal densities of 268.03 kg/m 3 and 393.596 kg/m 3 (Table 1) , respectively named low-density (LD) and high--density (HD) foams in this study. The specimens cut from the edges of the foam panel were not used in order to avoid non-homogeneity in the micro-structure of the foam. To measure density of the foam samples, the weight and dimensions of all the samples were measured and divided. For having the relative density of the foam samples, the density of the foam samples was divided by the density of the bulk material (i.e. 8960 kg/m 3 ). The samples were impacted by drop weights with initial heights between 20 cm and 100 cm. Two drop weights of 1.3 kg and 3.3 kg were considered. The acceleration of the impactor was recorded by an accelerometer installed on it. By two consecutive integration of the acceleration-time diagrams, displacement-time diagrams were also obtained. The force-time diagram was obtained by multiplying the vertical coordinate of the acceleration-time diagram by the mass of the impactor. The specific energy-time diagrams were measured by calculating the area under the stress-strain curve diagrams. The noises observed in the acceleration diagrams were smoothed using SMOOTH function in MATLAB (Fig. 3) . 
Results
The elastic modulus of the high-density foam was almost 1.5 times of that in the low-density foam (Table 2 ). Both the yield stress and plateau stress of the high-density foam were almost twice of those for the low-density foam (Table 2) . Both types of foams demonstrated close densification strains around 0.8 (Fig. 4) . The stress-strain curves of both the foams coincided at the strain of 0.9 (Fig. 4) . Due to limitations in the recording period of the accelerometer, the stress of all the samples under the impact loading could be captured up to 20 ms. Both the low-density and high-density foams showed double bell curves in their stress-time diagrams (Fig. 5) . In general, increasing the initial height of the impacting weight increased the maximum stress values of both the first and second bells (Fig. 5 ). There were, however, some exceptions. For example, the maximum stress of the first bell of the test with the initial height of h = 20 cm was even larger than that in other tests. The end times of the second bell for low-density foams with different initial heights of the impacting weights were between 10 ms and 14 ms. The end-times of the second bell of all the high-density foams were close and were between 8 ms and 9 ms.
While in low-density foams, the maximum stress of the first bell was always lower than that of the second bell, in high-density foams, the maximum stress of the first and second bells were close to each other (Fig. 5) . As expected, for the same initial height of the impactor, the maximum stress generated in the low-density foam samples were always lower than that in the high-density foam (Fig. 5) . As expected, increasing the initial height increased the final strain (maximum compaction) of the foam samples (Fig. 6) . In low-density samples, the maximum strain in the samples for initial heights of 20 cm, 40 cm, 60 cm, 80 cm, and 100 cm was respectively 18.5%, 28.5%, 50%, 58.8%, and 56% (Fig. 6a) . In high-density samples, the maximum strains for initial heights of 40 cm, 60 cm, and 80 cm were respectively 26.6%, 28.1%, and 34.2% (Fig. 6b) . As expected, for the same initial height of the impacting weight, the maximum strains of the high-density samples were always lower than those in the low-density samples (compare Fig. 6a and Fig. 6b) . While in the stress-time curves (Fig. 5) , the span of the second bell was very close to the span of the first bell, in the stress-strain curves (Fig. 7) , the span of the first bell was much smaller than the span of the second bell, especially for the low-density foams. Increasing the initial height of the impactor increased the final energy absorbed by both the low-density and high-density foams (Fig. 8) . Plotting the normalized values of the absorbed energy (i.e. the ratio of the absorbed energy by the sample to the initial energy of the impactor) showed that the final absorbed energy in all the foam samples were between 70% and 92% of the initial energy of the impactor (Fig. 9) . The highest percentage of the final absorbed energy (about 92%) belonged to the high-density foam under the impact of the weight with the lowest initial height, i.e. 40 cm (Fig. 9b) . The normalized energy-strain diagrams of the low-density foams with the impactor initial heights of 80 cm and 100 cm were very close (Fig. 9a) .
The effect of impactor weight was investigated on the low-density foam under the impact of weight with the initial height of 40 cm. Increasing the weight of the impactor did not have a significant effect on the maximum stress of the first bell (Fig. 10) . Moreover, increasing the impactor weight did not significantly change the time and strain of the maximum stress of the first bell. However, increasing the impactor weight increased the maximum stress of the second bell and decreased its occurrence time (Fig. 10a) . More significantly, the stress value of the sample under the impact of the heavy impactor did not reach zero after the second bell, and a third bell was formed in both the stress-time and stress-strain diagrams (Fig. 10) . 
Discussions
All the stress-time and stress-strain curves consisted of a double bell. Similar bells have also been observed in other experimental and numerical studies on the impact behaviour of closedcell foams. In some cases, the stress-time curve only consisted of a single bell (Rajendran et al., 2009) , while in some cases there was a double bell in the curves, although the span of the first bell was usually very tiny compared to the span of the second bell (Li et al., 2012; Castro et al., 2013; Peroni et al., 2013) . The presence of the first bell in the curves can be due to reduction in the stress level in the top face of the specimen after the initial increase in the stress level after the occurrence of the impact.
In the open-cell foams, due to slow propagation of stress waves, the upper part of the specimen initially deforms very easily before the compressive wave is returned from the back plate. Due to fast initial deformation of the upper part of the open-cell foam, the elevated stress level in the interface between the foam sample and the impacting weight decreases fast. After the compressive stress waves have travelled towards and back from the lower parts of the foam and after causing deformation in the foam, the stress level decreases. However, as the impactor moves forward, the stress level increases for a second time.
In the closed-cell foams, the cells are connected to each other by means of cell walls, while in the open-cell foams, the struts connect the cells. In the closed-cell foams, therefore, the initial stress waves can travel to the lower parts of the specimen much faster as compared to the open--cell foams. The deformation of the closed-cell foams can therefore be distributed more uniformly throughout its length. This explains the absence or very little presence of the first bell in the stress-time and stress-strain curves of the closed-cell foams.
The non-uniform deformation of the open-cell foams can increase the impact duration as compared to the closed-cell foams. This increase in the impact duration as well as the weaker nature of open-cell foams decreases the maximum stress in the foam during the impact. Therefore, as compared to the closed-cell foams, the open-cell foams, if used as energy absorbing materials in packaging industry, can better protect delicate goods, since the stress imposed on the package is much lower, as long as the impact energy is relatively small.
After the initial double bell curves, the stress-time curves of the open-cell foams continued in a sine wave shape around zero stress. In all the samples, the accumulation of strain after the second bell was very small, which showed that the sine wave shape of the stress-time curve after the second bell had been caused by vibration of the test machine and specimen rather than the actual displacement of the interface between the specimen and the impacting weight. Therefore, the periodic sine waves after the second bell (in the impacts with light impactor) were omitted from the curves.
The stress value of the sample under the heavy impactor (3.3 kg) did not reach zero after the second bell, and a third bell was formed in both the stress-time and stress-strain diagrams (Fig. 10) . Due to limitations in measurement duration, the acceleration could not be measured after the third bell. However, the reason behind the formation of additional bells in the stress--strain curve can be the fact that when the weight of the impactor is increased, the layer-by-layer nature of the deformation of the foam sample increases. This is because in the case of heavier impactors, the foam sample is not tough enough to decrease velocity of the impactor down to zero after the second bell, leading to creation of additional bells in the curves.
After being deformed, none of the samples could absorb all the initial energy of the impacting weight (Fig. 9) . The reason behind this can be the dissipation of energy caused by friction between the sample and the impacting weight, friction of the impacting weight with the guiding rail of the testing machine, and conversion of mechanical energy to heat due to plastic deformation during the impact. (Hedayati et al., 2016a) have been investigated numerically, analytically and experimentally. While additive manufacturing techniques provide good control over the micro-architecture of the porous structure, they result in porous structures with some defects. For example, the additively manufactured porous structures have irregularities in the strut cross-section diameter. The consecutive fusing of metal powders at neighbour points usually creates very rough surfaces with potentially high stress concentration factors. Moreover, at some points, the strut radius can be very small, which can lead to clustered damage areas. Therefore, the metal foams made by traditional manufacturing techniques still have their advantages over the newly popular additively manufactured porous structures.
Conclusions
In this paper, copper open-cell foams with two densities were tested mechanically under static and impact loadings. For the impact loading, two drop-weights with 1.3 kg and 3.3 kg masses were used. The results showed that both the stress-time and stress-strain curves of all the samples consist of two consecutive bells. While in the stress-time curves, the span of the second bell was very close to the span of the first bell, in stress-strain curves, the span of the first bell was much smaller than the span of the second bell, especially in low-density foams. As expected, for the same initial height of the impactor, the maximum stress generated in the lowdensity foam samples were always lower than that in the high-density foams. The foam samples absorbed between 70% and 92% of the initial energy of the impactor. Increasing the weight of the impactor did not have a significant effect on the maximum stress of the first bell in the stress-time diagram. Moreover, increasing the impactor weight did not change the time of the first maximum stress. However, increasing the impactor weight increased the maximum stress of the second bell and decreased its occurrence time. It can be concluded that as compared to the closed-cell foams, the open-cell foams can better absorb the energy, as long as the impact energy is relatively small. The very small stiffness as well as the presence of large interconnected space inside the open-cell foams also makes them favorable for being used as biomedical scaffolds.
